Heart failure (HF) is a functional lack of myocardial performance due to a loss of molecular control over increases in calcium and ROS, resulting in proteolytic degradative advances and cardiac remodeling. Mitochondria are the molecular powerhouse of cells, shifting the sphere of cardiomyocyte stability and performance. Functional mitochondria rely on the molecular abilities of safety factors such as TFAM to maintain physiological parameters. Mitochondrial transcription factor A (TFAM) creates a mitochondrial nucleoid structure around mtDNA, protecting it from mutation, inhibiting NFAT (ROS activator/ hypertrophic stimulator), and transcriptionally activates Serca2a to decrease calcium mishandling. Calpain1 and MMP9 are proteolytic degratory factors that play a major role in cardiomyocyte decline in HF. Current literature depicts major decreases in TFAM as HF progresses. We aim to assess TFAM function against Calpain1 and MMP9 proteolytic activity and its role in cardiac remodeling. To this date, no publication has surfaced describing the effects of aortic banding (AB) as a surgical HF model in TFAM-TG mice. HF models were created via AB in TFAM transgenic (TFAM-TG) and C57BLJ-6 (WT) mice. Eight weeks post AB, functional analysis revealed a successful banding procedure, resulting in cardiac hypertrophy as observed via echocardiography. Pulse wave and color doppler show increased aortic flow rates as well as turbulent flow at the banding site. Preliminary results of cardiac tissue immuno-histochemistry of HF-control mice show decreased TFAM and compensatory increases in Serca2a fluorescent expression, along with increased Calpain1 and MMP9 expression. Protein, RNA, and IHC analysis will further assess TFAM-TG results post-banding. Echocardiography shows more cardiac stability and functionality in HF-induced TFAM-TG mice than the control counterpart. These findings complement our published in vitro results. Overall, this suggests that TFAM has molecular therapeutic potential to reduce protease expression.
Introduction
Hypertensive heart disease and heart failure (HF) are the leading causes of death in the United States [1] . HF is composed of activated cell death pathways and mechanisms of degradation [2] . The culmination of Ca 2+ mishandling and ROS-driven degradation within cardiomyocytes leads to a functional decline of the myocardium and hypertrophic expansion. HF or the inefficiency of the heart to pump blood has a high fatality rate 5 years post onset [1] . Mitochondrial factors such as TFAM play a vital role in inhibiting cardiac remodeling factors, which lead to cardiac hypertrophy and HF [3] . Throughout our work, we observed that TFAM overexpression resulted in cellular/functional recovery by reducing cardiac remodeling.
HF has reduced TFAM expression, increased oxidative stress, Ca 2+ mishandling, and protease expression leading to cardiomyocyte functional decline [4] . Previous studies 1 3 involved in TFAM knockdown have resulted in reduced mitochondrial biogenesis, dilated cardiomyopathy, and neonatal death [5] . TFAM's inhibitory function to mitigate molecular abnormalities has previously resulted in cardioprotective effects when overexpressed [3] . A mechanistic analysis of TFAM's protective role in pathological cardiac remodeling gives further insight into both TFAM's inhibitory effect on the NFAT-MMP9 pathway and regulatory effect on the SERCA2a-Calpain1 pathway.
Calpain1 is responsible for the degradation of contractile proteins, initiation of mitochondrial-driven apoptosis, and decrease of Ca 2+ transporters in HF [6] [7] [8] . HF patients exhibit marked increases in calpains [9] . Within the Ca 2+ -driven catabolic pathway, Ca 2+ activates and increases the expression of calpain proteases and the Ca 2+ -calcineurin-NFAT cascade that promotes pathological hypertrophy and activates NADPH oxidases to increase ROS production [10] .
NFAT is a pathological hypertrophic gene regulator and inducer of ROS via activation of NADPH oxidases [10, 11] . NFAT increases in cardiac remodeling and hypertrophy [12] . Cytoplasmic Ca 2+ increases maladaptive factors NFAT4 and Calpain1.
MMP9 is a known pathological indicator of HF, and its expression is highly up-regulated in the pathological myocardium [13] . In alignment with this logic, the erasure of MMP9 evokes opposite effects: targeted deletion of MMP9 prevents cardiac dysfunction [14] . Early-stage aortic banding (AB) results in inhibition of MMP9, but sustained mechanical overload causes de-compensatory HF, leading to increased MMP9 expression and cardiac fibrosis in endstage HF. As aforementioned, activation of MMP9 increases extracellular matrix turnover in the failing heart, resulting in increased apoptotic signaling in pressure overload HF. Mitochondrial dysfunction induces ROS production, activating MMPs in cardiomyocytes [15] . Superoxides create stress, potentially mutating and damaging mitochondrial DNA.
TFAM physically wraps around mitochondrial DNA, forming a mitochondrial nucleoid; it is essential to mitochondrial biogenesis. One transcriptional function of TFAM is regulation over factors such as NFAT and SERCA2a, which provides insight into reducing Ca 2+ mishandling and ROS production [16, 17] . Within TFAM overexpression models, it is observed that proteolytic enzyme MMP9 is reduced in MI-induced HF, along with functional morphologies [18] . Contrastingly, our previous study shows that CRISPR-CAS9 knockdown of TFAM induces the activation of proteases MMP9 and Calpain1, as well as pathological hypertrophic stimulator and ROS-producer NFAT4 [19] .
The usage of animal models to study cardiac hypertrophy and HF is vital to further elucidation of pathophysiological mechanisms. Rockman et al. [20] developed the murine TAC procedure, also known as AB. TAC narrows the transverse aorta, causing both a pressure increase in the left ventricular chamber and the resultant force required for blood ejection. Increased resistance within this model causes a pressure overload, resulting in severe hypertension and HF.
The purpose of this study is to investigate the role of TFAM overexpression in cardiac remodeling within the TAC HF model. We hypothesized that TFAM overexpression would reduce molecular remodeling factors and associated morphologies. We examined whether TFAM overexpression would reduce molecular hypertrophic (NFAT) and proteolytic factors (MMP9 & Calpain1) involved in adverse remodeling. Our results affirm that TFAM overexpression in TAC HF models reduces cardiac hypertrophy, molecular hypertrophic factors, and proteolytic agents.
Materials and methods

Animal models and experimental design
Wild-type mice (WT, C57/BL6/J) were purchased from the Jackson Laboratory (Bar Harbor, ME). TFAM transgenic mice were procured from Cyagen Biosciences (Santa Clara, CA, USA) and housed in the animal care facility at the University of Louisville with access to standard chow and water. The AB surgical procedure was performed in mice of 8-10 weeks of age with starting weights of 22-26 g. The groups were further divided into WT Sham, WT TAC, TFAM Sham, and TFAM TAC. Animals were euthanized according to National Institute of Health Guidelines for animal research and were reviewed and approved by the Institute of Animal Care and use committee of the University of Louisville (IACUC #16684 & 14028).
Genotyping
The TFAM transgenic mice background was confirmed according to the Cyagen Bioscience protocol for genotyping. Samples from the tails of the mice were collected for DNA extraction. DNA was amplified with TFAM Primer sets and run on PCR. The PCR product samples were run on a 2% agarose gel containing [Acetic Acid, Tris Base, EDTA, pH 8.4] with ethidium bromide. Gel images were recorded on a Bio-Rad gel documentation system (Bio-Rad, Hercules, CA). The transgenic TFAM gene yields a product size of 363 bp in a 2% agarose gel and is observed in the BioRad ChemiDoc.
Antibodies and reagents
All primary antibodies were purchased from Abcam (Cambridge, United Kingdom). Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Santa
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Cruz Biotechnology (Dallas, Texas, USA). Fluorescent secondary antibodies and lipofectamine 2000 reagent were purchased from Life Technologies (Carlsbad, California, USA).
Abcam primary antibodies used are as follows: Calpain1 (ab28258), Serca2 (ab2861), NFAT4 (ab83832), TFAM (ab131607) and MMP9 (ab38898).
Western blot analysis
Post 48-h treatment period, cardiac tissue protein was isolated using protein extraction buffer (RIPA lysis buffer, protease inhibitor cocktail and PMSF). Lysates were spun in extraction buffer for 12 h and then centrifuged at 12,000 × g for 15 min. Supernatant was transferred to new tubes and protein concentrations were analyzed via Bradford protein estimation assay. Samples were run on a 10/12% sodium dodecylsulfate (SDS)-polyacrylamide gel with Tris-glycine SDS buffer. The gel was transferred electrophoretically overnight onto a PVDF membrane at 4 °C. The membrane was blocked with a 5% milk solution for 1 h. Primary antibodies Fig. 1 Genotyping for TFAM gene in TFAM transgenic and C57BLJ6 mice. As per Cyagen Biosciences protocol, primers for TFAM gene expression are identified at 363 bp in a 2% agarose gel and analyzed via BioRad ChemiDoc Fig. 2 a The top, an ultrasound-echocardiographic snapshot, displays blood flow through the aorta of a particular pre-surgical mouse performed with a Vevo 2100 ultrasound pulse wave and color doppler analysis. As indicated by the blue coloration, the blood flow is rhythmically non-turbulent. Below, the respective real-time graph of AAV versus time displays a consistent AAV average value of 636.14 mm/s. b The ultrasound-echocardiographic snapshot shows blood flow through the aorta performed with a Vevo 2100 ultrasound pulse wave and color doppler analysis. As indicated by the blue-red-yellow amalgamation, the blood flow is rhythmically turbulent. The respective real-time graph of AAV versus time displays an increased AAV average value of 1184.10 mm/s from its pre-surgical value seen in 14A. c This graph displays the AAV corresponding to the specified experimental groups and the data were graphed for an N of 6 using SEM for significance. The substantial increase in aortic velocity from WTSham group to the WT-TAC group and the substantial increase from TFAM Sham group to the TFAM TAC group verify that the surgery worked. Values are expressed as ± SEM. N = 6. ***P < 0.001
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were diluted at a concentration 1:1000 in TBST and incubated on the membrane overnight. All membranes were washed in TBST solution four times and then incubated with secondary HRP conjugated antibody solution for 1 h at room temperature. Four TBST washing steps followed before membranes were developed using a chemiluminescent substrate in a BioRad Chemidoc (Hercules, Calif.). Band intensity was determined using densitometry analysis. Beta-actin was used to normalize protein loading.
Immunohistochemistry
Post cell treatment, media were aspirated from each well of the eight well chamber slide and cells were rinsed with PBS. Cells were fixed at room temperature in 4% paraformaldehyde solution for 20 min and washed three times with PBS. Blocking was performed with a mixed solution of 2% bovine-serum-albumin (BSA) and 0.025% Triton X-100. Cells were permeabilized for 1 h. All primary antibodies were incubated in the chamber slide at a concentration of 1:100 overnight at 4 °C. The wells were aspirated, washed three times and incubated for 90 min with the secondary antibody (1:200) at room temp. The chamber slides were washed three times more, and DAPI was added at 1:10,000 for 10 min. This analysis was observed via Confocal microscopy.
Blood pressure
Non-invasive tail cuff method was used to measure blood pressure in conscious mice (CODA, Kent Scientific, Torrington CT). Animals were allowed time to acclimate to chambers and warming pad prior to data recordings. BP was recorded under standard conditions.
Ultrasound
Through Vevo 2100 imaging system, cardiac and aortic data were collected in pre-surgical and post-surgical animal models. Post epilation, the animal is placed supine on a warm platform (37 °C), under isoflurane anesthesia and fixed. Using a MS550D (22-25 mHz) transducer, the thoracic cavity was imaged. Aortic arch velocity and cardiographic Fig. 3 a The image displays the cardiac hypertrophy state after 8 weeks correlating to the respective experimental groups. Using visual confirmation, significantly enlarged WT heart due to aortic banding surgical procedure was observed when compared to the sham. Additionally, TFAM-TG reduced hypertrophic expansion compared to the TFAM-TG control. b This graph displays heart mass as assessed by micro-calibrated weight scale. The values correspond to the specified experimental groups after the course of 8 weeks. The TFAM TAC heart maintained a significantly lower mass when compared to the WT TAC. c This graph depicts the heart weightto-body weight ratio that correspond to the specified experimental groups after the course of 8 weeks. The TFAM TAC heart maintained a significantly lower ratio when compared to the WT TAC. d This graph shows overall weight gain of the corresponding to the specified groups after the course of 8 weeks. This was performed by deducting the initial and final mouse weights allowed for an assessment of weight gain and variation among controls and transgenic animals. Furthermore, the TFAM TAC mice maintained a significantly lower mass weight gain compared to the WT TAC mice. Values are expressed as ± SEM. N = 5; *P < 0.05, **P < 0.025, ***P < 0.001 function were assessed in pulse wave and color Doppler modes.
Dihydroethidium (DHE) super-oxide stain
Intra-cardial injection of DHE (Thermo-Fisher Scientific, D1168) was applied to mouse myocardium before preserving the tissue. Imaging performed within two hours of application and DHE was diluted in DMSO.
Aortic banding surgical procedure (trans-aortic constriction (TAC))
The TAC-banding procedure is an intra-thoracic surgical procedure (performed by Dr. George H. Kunkel) to induce cardiac hypertrophy 6-8 weeks post surgery and heart failure in mice 8-10 weeks post surgery. A midline ventral incision is made and the thoracic cavity is exposed above the third rib, rib-retractors are placed and a portion of the ascending aorta (between the innominate artery and left carotid artery) is isolated. Ligature is placed around the vessel to restrict flow (assisted by a 27 1/2 g needle). Sutures are used to close incisions.
Cryosectioning
Cardiac tissue was preserved in plastic tissue embedding molds (polysciences) containing tissue freezing media (Triangle Biosciences, Durham, NC). Tissues were stored at − 80 °C. Sections of 8 µm were created using a cryocut (leica CM 1850). Cryosections were placed on superfrost plus (lysine coated) microscope slides and stored at − 80 °C for further use in immuno-histochemistry.
Statistical analysis
Data are expressed as means ± SE. Statistical analysis was performed by Graphpad Prism software using a one-way ANOVA followed by a Bonferroni comparison test. P < 0.05 was considered statistically significant. The statistical significance is relevant to an N of 5 per group.
Results
Verification of aortic banding procedure
Through genotyping PCR, we confirmed Cyagen Biosciences TFAM transgenic mouse protocol to ensure pups are genetically modified with TFAM overexpression. TFAM gene is overexpressed at 363 base pairs (Fig. 1) . This intra-thoracic surgical procedure known as TAC was performed to induce cardiac hypertrophy/HF in 8-week old mice. The AB procedure is verified via ultrasound, at which high aortic arch velocity, as well as turbulence was observed at the transverse aorta, comparing WT and Table 1 Echocardiographic measurements of TFAM-TG mice at baseline and 8 weeks after sham/TAC surgery The table above depicts the echocardiographic measurements after 8 weeks of aortic banding surgery. The groups above signify the following: (1) IVSd, intra-ventricular septal diameter, (2) LVDd, Left ventricular dimension in diastole, (3) LVPWd, left ventricular posterior wall diameter, (4) LVDs, left ventricular dimension in systole, (5) LV Vold, left ventricular volume in diastole, (6) LV Vols, left ventricular volume in systole, (7) EF, ejection fraction, (8) FS, fractional shortening, (9) LV, left ventricular, (10) HR, heart rate ***P < 0.001, **P < 0.025, *P < 0.05 versus baseline in the same group ### P < 0.001, TFAM sham groups to the aortic banded counterpart (P < 0.001) (Fig. 2) .
Effect of aortic banding on cardiac function
TFAM overexpression reduced cardiac hypertrophy
Cardiac hypertrophy was shown in three ways, a visual comparison of the hearts, heart weights, and heart weight/body weight ratio. Figure 3a shows a pictographic image of WT and TFAM-TG mice subjected to AB and visually comparing the hearts. This image shows a significant visual difference is found when comparing the TAC and sham groups and the WT TAC to the TFAM-TG TAC model. Heart weight is significantly increased in the WT TAC group compared to the WT sham, TFAM sham, and TFAM TAC group (Fig. 3b) . The heart weight/body weight (H w /B w ) ratio was also significantly increased in both the WT TAC and TFAM TAC groups. The WT TAC group had significantly increased H w /B w ratio when compared to the WT sham, TFAM sham, and the TFAM TAC (Fig. 3c) . Additionally, a weight gain is observed within the banded animals. The WT TAC gained approximately 2 g more than the sham group and 1 g more than the TFAM-TAC group (Fig. 3d) .
Analysis of echocardiography and blood pressure results
Echocardiography was performed to verify the banding procedure and to analyze size and flow variation between sham and TAC animals. Blood pressure was analyzed via the tail cuff method to assess hemodynamic changes due Fig. 4 a These images (i-iv) captured by echocardiographic-ultrasound corresponding to the specified experimental groups and data taken after 8 weeks. The specified values taken from these images correspond to the values discussed in Table 1 . b This graph displays the EF corresponding to the specified experimental groups and the data were taken after 8 weeks. The significant decrease in EF from WT Sham group to the WT TAC group and the significant decrease from TFAM Sham group to the TFAM TAC group verify that the aortic banding induced HF. Values are expressed for an N of 6 using SEM for significance as ± SEM. N = 6. *P < 0.05, **P < 0.025, ***P < 0.001. c This graph displays the LV mass corresponding to the specified experimental groups and the data were taken after 8 weeks. The significant increase in LV mass from WT Sham group to the WT TAC group and the significant increase from TFAM Sham group to the TFAM TAC group verify that the aortic banding induced HF. Values are expressed for an N of 6 using SEM for significance as ± SEM. N = 6. *P < 0.05, **P < 0.025 1 3
to banding. Echocardiography and blood pressure analysis show significant differences between the aortic banded and sham animals. Ejection fraction (EF) of both TFAM-TG and WT banded groups showed a significant reduction in comparison to respective shams (Fig. 4a, b) . Changes in left ventricle (LV) mass post banding were also observed; significantly increased LV mass was found within the WT TAC and TFAM TAC groups when compared to the Sham groups. Additionally, a significant increase in LV mass was found in the WT TAC group when compared to the TFAM TAC group. Cardiac muscle hypertrophy is a compensatory response to pressure overload (Fig. 4c) .
Within Table 1 , we observe that many significant functional changes occur during pressure overload HF, as is observed when comparing the Sham and TAC groups. Functional differences are also observed between the WT surgical model and the TFAM-TG model; such differences include increased fractional shortening, LV volume in systole, LV mass, LV volume in systole had a significant increase in volume in the WT TAC compared to the WT sham (Table 1) . Variations exist between the TFAM transgenic and its wildtype counterpart suggesting that known and unknown mechanisms of mitochondrial protection are inhibiting functional decline in the failing myocardium. The Physiological functional assessment of hemodynamic blood pressure measurements was observed at three-time points: 0, 4, 8 weeks, via CODA tail cuff blood pressure system. Time point 0 was a pre-surgical assessment and is used as a baseline. At 4 weeks, severe hypertension is observed in both TAC groups and is significantly higher than the sham group (Fig. 5) . Between 4 and 8 weeks, the WT group maintains a trending decline in systolic blood pressure, this functional The significant decline occurs after 4 weeks. Values are expressed as ± SEM. N = 5; * P < 0.05, ** P < 0.025, *** P < 0.001. c This graph displays the Mean Blood Pressure measured by the CODA (Tail-cuff) blood pressure system. The values correspond to the specified experimental groups throughout the course of 8 weeks. The significant decline occurs after 4 weeks. Values are expressed as ± SEM. N = 5; *P < 0.05, **P < 0.025, ***P < 0.001
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change is associated with cardiac remodeling allowing for the heart to adapt to the pressure overload through hypertrophic expansion (Fig. 5a ). The TFAM TAC group maintains a higher systolic blood pressure than the WT TAC group in the 4-to 8-week time point; therefore, a functional difference remains between the WT and TFAM TAC animals. Diastolic blood pressure was assessed and revealed a significant difference between the WT TAC and TFAM TAC groups and their sham counterparts at both 4-and 8-week time points (Fig. 5b) . Mean blood pressure assessment showed a significant difference between the WT TAC and TFAM TAC groups and their sham counterparts (Fig. 5c ).
The effect of TFAM overexpression on the NFAT-MMP9 pathway
TFAM efficacy in transgenic models was confirmed via western blotting and immunohistochemistry for TFAM. Western blotting and IHC were used to analyze differences in protein expression amongst factors of cardiac remodeling involving protease MMP9. Fluorescent intensity was observed via confocal microscopy (Fig. 6a) . Concluding that the TFAM sham had significantly increased TFAM fluorescent intensity (Fig. 6b) . Western blotting confirmed a significant increase in TFAM protein expression in both TFAM sham and TFAM TAC models. There was a significant decrease in TFAM protein expression in the WT TAC model (Fig. 6c) .
Determining if TFAM overexpression affected NFAT4, we observe NFAT4 fluorescent intensity and Western blotting. The WT TAC group had significantly increased NFAT4 expression compared to all groups (Fig. 7a, b) . The TFAM TAC group had significantly higher NFAT4 protein expression in comparison to its sham (Fig. 7c) . MMP9 fluorescent intensity is increased in the WT TAC model in comparison to the WT sham, TFAM sham, and TFAM TAC (Fig. 8a, b) . Western blotting analysis revealed a significant increase in Fig. 6 a These confocal microscopy and IHC images (i-iv) provide intra-cellular visualizations of TFAM within the corresponding experimental groups. TFAM is identified in green fluorescence and nuclei are identified by blue fluorescence. b This graph exhibits the fluorescent intensity of TFAM 8 weeks after TAC and was provided by the data collected from the Image J software. Each fluorescent intensity corresponds to TFAM's presence within the specific experimental groups. With respect to TFAM fluorescent intensity, the TFAM overexpression Sham group was significantly greater relative to the WT Sham group. Also, the TFAM TAC group was shown to be significantly greater in intensity of TFAM relative to the WT TAC group. c This graph displays TFAM proteins expression 8 weeks after the aortic banding surgery. Lysates were analyzed by western blotting for TFAM protein expression. The TFAM overexpression Sham group was significantly greater in protein expression of TFAM relative to the WT Sham group. The TFAM overexpression TAC group was significantly greater in protein expression of TFAM relative to the WT TAC group. Both TAC groups were significantly decreased in TFAM protein expression when compared to their Sham counterparts. The bands were quantified using densitometry and the data were graphed for an N of 5 using SEM for significance. Values are expressed as ± SEM. N = 5. *P < 0.05, **P < 0.025, ***P < 0.001 MMP9 protein expression (Fig. 8c) . TFAM overexpression plays a role in the NFAT-ROS-MMP9 pathway.
The effect of TFAM overexpression on the SERCA2a-Calpain1 pathway
Western blotting and fluorescent analysis were also used to analyze the Serca2a-Calpain1 pathway. This analysis of protein expression from cardiac tissue of mice subjected to AB and sham controls shows that SERCA2a is significantly decreased in pressure overload HF. Through Western blotting and immunohistochemistry, the SERCA2a-Calpain1 pathway was observed for protein and fluorescent expression. Fluorescent intensity for Calpain1 was viewed via confocal microscopy (Fig. 9) . Both aortic banded groups WT and TFAM-TG had significantly decreased SERCA2a expression. This was observed in western blotting and IHC (Fig. 10a-c) .
Analyzing if TFAM overexpression affected Calpain1, we observed Calpain1 fluorescent intensity and protein expression. The WT TAC and TFAM-TG group had significantly increased Calpain1 protein expression as observed through western blotting. Fluorescent intensity was also as equally increased in IHC. TFAM may play a role in physiological SERCA2a expression but this activity is not observed in our study (Fig. 10a-c) . Our original hypothesis regarding TFAM activation of SERCA2a and reduction of Calpain1 was not found.
Discussion
We demonstrate for the first time that TFAM maintains an inhibitory relationship with the NFAT4-MMP9 proteolytic pathway in TFAM transgenic mice subjected to aorticbanding-induced HF. We also found a mechanistic inconsistency in the SERCA2a-Calpain1 pathway in banded Fig. 7 a These confocal microscopy and IHC images (i-iv) provide intra-cellular visualizations of NFAT4 within the corresponding experimental groups. TFAM is identified in green fluorescence and nuclei are identified by blue fluorescence. b This graph exhibits the fluorescent intensity of NFAT4 8 weeks after TAC and was provided by the data collected from the Image J software. Each fluorescent intensity corresponds to NFAT4's presence within the specific experimental groups. With respect to NFAT4 fluorescent intensity, the TFAM TAC group was shown to be significantly lower in intensity of NFAT4 relative to the WT TAC group. c This graph displays NFAT4 proteins expression 8 weeks after the aortic banding surgery. Lysates were analyzed by western blotting for NFAT4 protein expression. The TFAM overexpression TAC group was significantly lower in protein expression of NFAT4 relative to the WT TAC group. Both TAC groups were significantly increased in NFAT4 protein expression when compared to their Sham counterparts. The bands were quantified using densitometry and the data were graphed for an N of 5 using SEM for significance. Values are expressed as ± SEM. N = 5. *P < 0.05, ***P < 0.001
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TFAM transgenic mice. This finding varied in respect to the literature and our initial proposed mechanism. These findings have been expressed in our previous in vitro findings of TFAM reduction, and this in vivo study of TFAM overexpression.
In HF models in which TFAM is decreased, NFAT4 induces ROS production and activates hypertrophic gene expression. NFAT activates pathological cardiac hypertrophy, which we confirmed in the WT-TAC models. In TFAM reduction, there is a significant increase in heart weight/ body weight ratio in comparison to the control groups. Furthermore, we observed a significant weight gain, which we deemed a result of edema, in the WT-TAC model compared to the WT Sham. Other papers have found similar results in HF models [21, 22] .
Our past, in vitro experimentation shows that significantly decreasing TFAM induces ROS-activated MMP9. Exogenous treatment of 127 micromolar H 2 O 2 to HL-1 cardiomyocytes significantly increased MMP9 protein expression [19] . In AV fistula volume-overload (VO) HF, TFAM overexpression suppressed MMP up-regulation and limited mitochondrial oxidative stress [22] .
In TFAM knockdown such as found in the failing heart of control animals (Fig. 8) , excess ROS in the cytoplasm induces MMP9, which we and other groups have found increased [23, 24] . MMPs are collagenases and MMP9 excessively degrades collagen but in cardiac remodeling collagen turnover is faster than elastin, leading to a stiffening myocardium [15] . This interplay is a major factor in hypertrophy, remodeling and HF.
Increased NFAT4 stimulates a cardiac remodeling cascade inducing ROS production to increase MMP9, which degrades the extracellular matrix of cardiomyocytes. MMP9 is a distinguishing factor in pathological cardiac remodeling [15] . This observation correlates with known studies showing that increased activation of MMPs is Lysates were analyzed by western blotting for MMP9 protein expression. The TFAM overexpression TAC group was significantly lower in protein expression of MMP9 relative to the WT TAC group. Both TAC groups were significantly increased in MMP9 protein expression when compared to their Sham counterparts. The bands were quantified using densitometry and the data were graphed for an N of 5 using SEM for significance. Values are expressed as ± SEM. N = 5. *P < 0.05, **P < 0.025 observed in TFAM ablation and oxidative stress models [5, 25] .
As was expected, TFAM overexpression initiated a chain reaction of decreased NFAT and ROS-activated MMP9. This in vivo experimentation showed that TFAM overexpression models maintained significantly increased TFAM protein expression post AB-induced HF (Fig. 6 ). In the TFAM overexpression model, NFAT4 is reduced (Fig. 7) .
Through TFAM's inhibition of NFAT, we conclude that AB in TFAM-TG mice prevented hypertrophy. In TFAM overexpression, we note a significant decrease in NFAT4, which correlates to our visual confirmation of reduced hypertrophy in the TFAM-TG banded group. Through analysis of heart weight/body weight ratio, we observe a reduction in cardiac hypertrophy with TFAM overexpression (Fig. 5) . Our results are similar to the current literature in AVF-induced HF models, TFAM overexpression reduced protease activity and cardiac hypertrophy [22] . Studies show that TFAM overexpression attenuates cardiac dilation and dysfunction in myocardial infarction-induced HF models [18] .
Oxidized proteins are prevalent in HF models, TFAM and mitochondrial repair enzymes serve to reduce oxidation when overexpressed. Overexpression of mitochondrial repair factors in TAC induced HF, decreased left ventricular remodeling [26] . Our study shows that the banded TFAM transgenic mice had reduced cardiac functional pathologies.
The inhibitory activity of TFAM to reduce NFAT4 pathological hypertrophy and ROS-driven MMP9 may delay the myocardium remodeling state, before becoming end-stage HF. TFAM overexpression protected the aortic banded myocardium from cardiac hypertrophy. The LV mass of the WT-TAC was significantly heavier than the TFAM-TAC, noting that both were still significantly greater than the controls. This suggests that TFAM overexpression reduces the hypertrophic and cardiac remodeling process resulting in reduced LV mass (Fig. 4) . Fig. 9 a These confocal microscopy and IHC images (i-iv) provide intra-cellular visualizations of Calpain1 within the corresponding experimental groups. Calpain1 is identified in green fluorescence and nuclei are identified by blue fluorescence. b This graph exhibits the fluorescent intensity of Calpain1 8 weeks after TAC and was provided by the data collected from the Image J software. Each fluorescent intensity corresponds to Calpain1's presence within the specific experimental groups. With respect to Calpain1 fluorescent intensity, the TFAM TAC group was shown to be significantly greater in intensity of TFAM relative to the WT TAC group. c This graph displays Calpain1 proteins expression 8 weeks after the aortic banding surgery. Lysates were analyzed by western blotting for Calpain1 protein expression. The TFAM overexpression TAC group was significantly greater in protein expression of Calpain1 relative to the WT TAC group. The bands were quantified using densitometry and the data were graphed for an N of 5 using SEM for significance. Values are expressed as ± SEM. N = 5. *P < 0.05, **P < 0.025, ***P < 0.001
This mechanistic pathway NFAT4-MMP9 induces cardiac hypertrophy and remodeling. Cardiac remodeling includes both intra-cellular and extracellular remodeling factors that induce significant molecular and morphological changes to cardiomyocyte structure and function. Remodeling encompasses degradation of the extracellular matrix (ECM), pathological hypertrophy, fibrosis, and resultant organ dysfunction. This study provides further insight into TFAM's therapeutic potential in TFAM knockdown/overexpression, oxidative stress, and AB induced HF. Through this work, we have shown that TFAM overexpression has the potential to reduce cardiac remodeling factors MMP9 and NFAT4 (Fig. 11) . Supplemental evidence of superoxide staining suggests that ROS is reduced within TFAM-TG mice subjected to AB (Supplemental Fig. 1 ), which is supported by earlier works [10, 22] . Analysis of functional and molecular data within this work may give insight into the TFAM-NFAT-MMP9 pathway.
The TFAM-SERCA2a-Calpain1 pathway reveals a potential avenue for further exploration. Our work suggests that there is an anomaly regarding TFAM's interaction with SERCA2a. Following the proposed mechanistic pathway, we found that SERCA2a protein expression was as equally significantly reduced in both TFAM transgenic and control TAC groups (Fig. 10) . This finding correlates with reduced SERCA2a expression in HF models [27] . Aortic banded animals had significantly increased Calpain1 protein expression compared to control animals, which may be a downstream effect of reduced SERCA2a levels (Fig. 9 ).
SERCA2a has a major functional role in physiological Ca 2+ regulation and cardiomyocyte physiology. The Watanabe group found that exogenous overexpression of TFAM Fig. 10 a These confocal microscopy and IHC images (i-iv) provide intra-cellular visualizations of SERCA2a within the corresponding experimental groups. SERCA2a is identified in green fluorescence and nuclei are identified by blue fluorescence. b This graph exhibits the fluorescent intensity of SERCA2a 8 weeks after TAC and was provided by the data collected from the Image J software. Each fluorescent intensity corresponds to SERCA2a's presence within the specific experimental groups. With respect to SERCA2a fluorescent intensity, the TFAM overexpression Sham group was significantly greater relative to the WT Sham group. Also, the TFAM TAC group was shown to be significantly greater in intensity of TFAM relative to the WT TAC group. c This graph displays SERCA2a proteins expression 8 weeks after the aortic banding surgery. Lysates were analyzed by western blotting for SERCA2a protein expression. The TFAM overexpression Sham group was significantly greater in protein expression of SERCA2a relative to the WT Sham group. The TFAM overexpression TAC group was significantly greater in protein expression of SERCA2a relative to the WT TAC group. Both TAC groups were significantly decreased in SERCA2a protein expression when compared to their Sham counterparts. The bands were quantified using densitometry and the data were graphed for an N of 5 using SEM for significance. Values are expressed as ± SEM. N = 5. *P < 0.05, **P < 0.025, ***P < 0.001 increased transcriptional activation of SERCA2a [16] . As a result, we hypothesized that TFAM overexpression would heighten SERCA2a protein expression, due to an increase in SERCA2a transcriptional activation. We presumed that this prominent expression of SERCA2a proteins would then drive more cytoplasmic Ca 2+ into the SR, reducing Ca 2+ -activated calpain proteases. However, our results, although consistent, did not reflect this mechanism in our in vivo experiments. In retrospect, we can explain these unexpected discoveries as potential proteolytic degradation of SERCA2a and epigenetic inhibition of SERCA2a gene transcription. We are further analyzing the role of inflammatory interactions with SERCA2a in HF.
Conclusion
Evidence suggests that TFAM overexpression plays a vital role in the physiological and pathological myocardium. Through TFAM overexpression, we studied the potential treatment capabilities of TFAM by examining its molecular and functional effects on the cardiac remodeling.
As hypothesized, TFAM overexpression reduces pathological cardiac remodeling and associated factors in HF. Molecular insight into the remodeling cascade shows reduced protease and hypertrophic expression in TFAM overexpression models. Molecular techniques, including western blotting and IHC, reveal that TFAM overexpression reduces the NFAT4-MMP9 cardiac remodeling cascade. However, our initial hypothesis, regarding TFAM activation of SERCA2a and reduction of Calpain1, was not confirmed. Many regulatory elements may be involved in this anomaly.
This study provides mechanistic support of TFAM's potential to reduce regulatory factors involved in cardiac pathologies. Therefore, TFAM overexpression treatment is a possible cardio-therapeutic approach to reducing MMP9-induced pathological remodeling. inhibits NFAT activation. In the WT model NFAT stimulates ROS production, which activates ROS-driven MMP9 expression. MMP9 activation is a noted pathological marker for cardiac remodeling
